A single point mutation of the rat sodium channel II reduces its sensitivity to tetrodotoxin and saxitoxin by more than three orders of magnitude. The mutation replaces glutamic acid 387 with a glutamine and has only slight effects on the macroscopic current properties, as measured under voltage-clamp in Xenopus oocytes injected with the corresponding cDNA-derived mRNA.
INTRODUCTION
The voltage-gated sodium channel is a membrane protein that is essential for the generation of action potentials in excitable cells [ 11. The primary structures of several types of sodium channels have been obtained by cDNA cloning and sequencing [2-71. Injection of mRNAs derived from cloned cDNAs into Xenopus oocytes leads to functional expression of sodium channels. Sodium currents recorded from injected oocytes have been shown to be similar to those recorded from excitable cells [&IO] .
It is well known that a large number of biological toxins modify the properties of sodium channels. Up to four toxin-binding sites have been postulated for the sodium channel [ 1 I] , one of which is the binding site for TTX and STX. Occupancy of this site, thought to be located near the extracellular mouth of the channel, blocks the flow of sodium.ions. It has been assumed that the TTX-and STX-binding site contains negatively charged functional groups because of the inhibition of toxin binding by carboxyl-modifying reagents [12-161, some monovalent cations, divalent metal ions and protons [ 171. Here we report that a single point mutation of the rat sodium channel II which changes the glutamic acid residue 387 to glutamine (E387Q) renders the channel insensitive to concentrations of TTX and STX up to 10 pM, while it affects the macroscopic current properties only slightly.
MATERIALS AND METHODS
The codons for glutamine residues 86 and 88 in the @-lactamase gene [18] of pBSM13( +) and (-) (Stratagene) were converted to amber codons by replacing the 37-base pair DdeI/HpaII fragment with synthetic DNA to yield the vectors pKMN( + ) and (-), respectively. pKMN( +) and (-) can express the ampicillin-resistant phenotype only when strains carrying supE suppressors are used as host bacteria. Thus, they are useful for oligonucleotide-directed mutagenesis by the gapped duplex DNA approach 1191. The XbaI(541)/SmaI(1898) fragment from pRII-2 [8] was subcloned into pBSM13(+) and pKMN( +) to yield pBSRIIXS and pKMNRIIXS, respectively. The single-stranded (+) DNA was prepared from pKMNRIIXS using the helper phage R408 [20] . The -4.3-kilobase pair (kb) Tth1111(1038)/Nco1(1275) vector-containing fragment from pBSRIIXS was isolated as double-stranded DNA. The glutamic acid residue 387 of rat sodium channel II was mutated to glutamine (E387Q) using the synthetic oligonucleotide 5 ' -ATAAAGGTTTT-GCCAGAAGTCTTGAGTCATGAG-3 ' as described in [ 191. The
ApaI(721)/XmaI(1896)
fragment, isolated from a plasmid bearing this mutation, was substituted for the corresponding fragment of pRII-2A [21] to yield pRIICM-1. mRNAs specific for the wild type (pRII-2A) and the mutant sodium channel were synthesized in vitro using SaLcleaved plasmids as templates [8, 21] .
Xenopus laevis oocytes were injected with the wild type mRNA (0.2 pg/pl) or the mutant mRNA (0.3-0.5 pg/,& and incubated for 4-7 days [22] . Measurements of macroscopic currents in cell-attached membrane patches were made as described previously [9] and analyzed as detailed in 1211. Toxin sensitivity was assayed by perfusing TTXor STX-containing external solution and measuring whole-cell peak inward currents with a two-electrode voltage clamp [8, 9] . The external bathing and the pipette solution had the following composition (in mM): NaCl 115, KC1 2.5, CaClz 1.8, Hepes 10 (pH 7.2). TTX was from Sigma, and STX from Calbiochem.
RESULTS
Current records for the wild type sodium channel II (A) and the mutant E387Q (B) are shown in fig.1 . Depolarizing pulses from a holding potential of -100 mV to test potentials between -60 and + 90 mV elicited sodium currents with similar properties. The major difference between the wild type and mutant channels is the larger outward current relative to the inward current in the mutant. The scaled current-voltage relationships of the wild type and mutant allow a more detailed comparison ( fig.2A) . The voltage dependence of activation of the mutant is shifted to the left by about 15 mV relative to the wild type; however, the reversal potential for sodium currents is close to the expected Nernst equilibrium potential. This indicates that the selectivity for sodium ions is not greatly affected by the mutation. Fig.2B compares current-voltage relationships for tail currents from the wild type and mutant channels. The instantaneous tail current-voltage relation is less curved for the mutant than for the wild type, while the reversal potential is unaffected. In experiments such as those shown in fig.lB , biphasic current traces were observed near the reversal potential. We attribute this to a reduced ionic current which makes the gating current more evident. A rough estimate of the channel density can be derived from the size of gating currents measured near the reversal potential. On the basis of this estimate, an approximately four-fold decrease in inward current can be obtained. These results support the hypothesis that the inward conductance is reduced in the mutant E387Q.
The most dramatic difference between the wild type and the mutant E387Q is a virtual loss of sensitivity to TTX and STX resulting from the mutation. Fig.3 shows that 1 PM of TTX applied externally had no effect on the current records obtained from the mutant (even after 4 min). The TTX concentration that reduced the current by 50% (I&,) in the wild type was 18 nM ( fig.4A ), in close agreement with values obtained previously [8, 23, 24] . The sensitivity to STX, which competes with TTX for the same binding site, was also essentially abolished in the mutant E387Q ( fig.4B ). The mutation reduced the sensitivity to both TTX and STX by more than three orders of magnitude. 
DISCUSSION
The results presented here show that replacing the glutamic acid residue 387 by glutamine greatly reduces the sensitivity of the rat sodium channel II to TTX and STX. This glutamic acid residue, which is concerved in all sodium channels with known sequence, is located between segments S5 and S6 of repeat I. According to current models for the transmembrane topology of the sodium channel [2, 3, 25] , the region between segments S5 and S6 is assigned to the extracellular side of the membrane. Our results support this assignment since the binding site for TTX and STX is known to be located on the extracellular side [26] . In this context it has recently been reported that a glutamic acid residue located in the corresponding region of a voltage-gated potassium channel is involved in charybdotoxin binding 1271.
It has been suggested that a negatively charged carboxy1 oxygen is essential for the binding of TTX and STX to the sodium channel, partly because the Omethylation of such a group by TM0 markedly reduces toxin sensitivity [ 15,161. TMO-modified, TTX-resistant sodium channels have a small single-channel conductance with a more linear instantaneous current-voltage relationship than that of unmodified sodium channels [28] . However, the chemically modified channels retain their selective permeability to sodium ions [ 151. Our results resemble these findings and thus suggest that the inhibitory effect of carboxyl-modifying reagents on toxin binding may involve modification of the glutamic acid residue 387.
TTX-insensitive sodium channels in some neuroblastoma cell lines [29] or denervated rat muscle cells [30] have the same high selectivity for sodium ions as TTX-sensitive sodium channels. It has been shown that TTX-insensitive sodium channels in myoblasts have a lower single-channel conductance than TTXsensitive sodium channels and can be activated at more hyperpolarized potentials [3 11, as is the case for the mutant E387Q. Interestingly, the putative TTX-resistant rat heart sodium channel isoform, whose amino acid sequence has recently been reported [7] , shows substitution of an arginine residue for the conserved asparagine next to the glutamic acid corresponding to that neutralized in the mutant E387Q. This substitution may cause an effect similar to that of neutralizing the negative charge of the glutamic acid residue 387 in rat sodium channel II.
The binding site for TTX and STX is thought to be located close to the mouth of the sodium channel [26] . Since the affinity for toxin binding can be modified without affecting ion selectivity, it is unlikely that the same negative charges are involved both in the binding of these toxins and in the ion selectivity of the channel. Nevertheless, the sites for toxin binding and for selectivity are thought to be close since chemical modifications which affect toxin binding reduce the inward current [28] . This reduction in inward current may be attributed to the lower extracellular concentration of sodium ions near the ion pore which would result from the localized decrease in negative charge. The outward current would then be less affected than the inward current. This is the case for the mutant E387Q, in which the outward current seemingly increases relative to the inward current. The data thus suggest that the region between segments S5 and S6 in repeat I of sodium channel II is in close proximity to the channel mouth.
